ABSTRACT
C
odeine is by far the most widely used opiate in the world. It has been frequently used as an antitussive agent. 1 It has relatively specific central inhibition of the cough center in the medulla and does not cause respiratory depression. Although codeine is a less addictive opiate than heroin, continued use can result in physical and psychological dependence. 2 Codeine-containing cough syrups (CCSs) have become one of the most popular drugs of abuse in young people in the world. 3 The exact neurobiologic mechanism underlying CCS addiction is not fully understood. Codeine dependence is different from that of other illicit opioid drugs, and its misuse is associated with a different clinical course. 4 CCS contains a combination of codeine, a sympathomimetic, and an antihistamine, all of which have central nervous system action, which is not typical of other opioids. 4 Understanding the mechanism of CCS dependence and developing better therapies to stop CCS abuse are important because of the increasing incidence of dependency. Emerging technologies such as neuroimaging have contributed to new insights into the neuropharmacology of CCS addiction. [5] [6] [7] Hou et al 5 used singlephoton emission CT to demonstrate that the availability of dopamine transporter in the striatum and the volume, weight, and technetium Tc99m-TRODAT-1 corpus striatum/whole-brain uptake ratio were significantly less pronounced in CCS users than in controls. Using high-resolution structural MR imaging and resting-state functional MR imaging, our previous studies reported that the gray matter volume of the ventral medial prefrontal cortex and its functional integrity were deficient in chronic CCS users. 6, 7 However, to the best of our knowledge, the integrity of white matter in CCS users has not been investigated. Knowledge of white matter brain abnormalities and any association between these abnormalities and cognitive function in CCS users might facilitate identification of possible pharmacotherapies that could be used to treat this disorder. Diffusion tensor imaging is an MR imaging technique used to quantitatively investigate white matter axonal integrity in vivo. DTI is based on the measurement of water molecular motion. Axonal structure restricts water diffusion so that it is greater in the axis parallel to the main axis of axons. Fractional anisotropy (FA) is a measure of the degree to which water diffusion is constrained in the brain, and it is widely used as a general index of axonal integrity. 8, 9 The component measures from which FA is derived, the first ( 1 ) and second ( Ќ ) principal eigenvalues, indicate diffusion axial (parallel) and radial (perpendicular) to the primary axis of the axon. These values provide additional insight into the nature of white matter deficits. 10, 11 The former provides an index of axonal injury, and the latter is sensitive to changes in myelination. 10, 12 In this study, DTI was used to investigate the white matter integrity of chronic CCS users. An observer-independent tractbased spatial statistics (TBSS) analysis was performed on the DTI data. This method retains the strengths of voxel-based analysis while addressing some of its drawbacks. Drawbacks include aligning images from multiple subjects and the arbitrariness of the choice of spatial smoothing. 13 The aims of this study were the following: 1) to investigate differences in the topographic distribution of the integrity of white matter between CCS users and healthy controls, 2) to determine whether there was any relationship among abnormalities in the integrity of white matter and the duration of CCS use and a clinical impulsivity trait in CCS users.
MATERIALS AND METHODS

Subjects
This prospective study was approved by the local ethics committee. Written informed consent was obtained from all subjects. Sixty subjects, including 30 control subjects and 30 chronic CCS users, participated in this study. The CCS users were randomly selected from among patients seeking treatment at the Addiction 
Behavioral Assessments
The Barratt Impulsiveness Scale (BIS) 11 was surveyed soon after MR imaging to assess participants' impulsivity. The BIS 11 is one of the oldest and most widely used self-reporting measures of impulsive personality traits. This 30-item self-rated scale evaluates 3 factors: attentional/cognitive traits, which refer to tolerance for cognitive complexity and persistence; motor, which refers to the tendency to act on the spur of the moment; and nonplan impulsivity, which refers to the lack of a sense of the future. Items were rated from 1 (rarely/never) to 4 (almost always/always). All items were summed to determine overall impulsiveness scores. Higher scores indicated greater impulsivity. 14 The BIS 11 is a valid and reliable instrument for evaluating healthy and psychiatric Chinese populations.
15
Image Acquisition
MR imaging data were obtained with a 1.5T MR scanner (Achieva Nova-Dual; Philips, Best, the Netherlands). Each subject lay supine with his or her head snugly fixed by a belt and foam pads. Before the DTI scan, a T1-weighted 3D sequence and fluid-attenuated inversion recovery images were captured to exclude subjects with abnormalities. Diffusion imaging data were acquired in 32 diffusion gradient directions (bϭ800 s/mm 2 along 32 noncollinear directions) plus bϭ0 reference images by using a singleshot spin-echo-planar sequence to collect diffusion-weighted images. Other imaging parameters were as follows: TR ϭ 10,793 ms, TE ϭ 62 ms, FOV ϭ 230 ϫ 230 mm 2 , matrix ϭ 128 ϫ 128, section thickness ϭ 2 mm with no section gap, and voxel size ϭ 2 ϫ 2 ϫ 2 mm 3 .
Data Preprocessing
All DTI datasets were preprocessed by using the fMRI of the Brain Software Library, Version 4.1.7 (FSL; http://www.fmrib.ox.ac. uk/fsl). The raw DTI dataset was corrected for eddy current distortion and head motion by registering the diffusion-weighted images with the null image. This was performed by using affine transformations in the Diffusion Toolbox, Version 2.0, (part of FSL). 16 The DTI datasets were then skull-stripped by using the Brain Extraction Tool, Version 1 (part of FSL) to remove background noise and nontissue components. 17 The diffusion tensor was then calculated by using the DTIFit (from FSL) program for whole-brain volumes to produce FA and axial and radial diffusivities.
TBSS Analysis
Whole-brain voxelwise statistical analysis of the FA data was performed by using TBSS. 13, 16 The TBSS method minimizes potential misalignment problems of other voxel-based whole-brain forms of analysis by identifying a white-matter "skeleton" restricted only to the center of the major white-matter tracts. FA values were mapped for each individual onto this standard skeleton for group comparison. All subjects' FA data were aligned into a common space by using the FSL Nonlinear Registration Tool, FNIRT (http://fsl.fmrib.ox.ac.uk/fsl/ fslwiki/FNIRT), which uses a b-spline representation of the registration warp field. 18 The cross-subject mean FA image was calculated and used to generate a mean FA skeleton representing the centers of all tracts common to the whole study group. The threshold of the mean FA skeleton was set at 0.2 to exclude voxels that contained gray matter or CSF. Previous studies have also used the same threshold for the FA skeleton. 19 Each individual subject's aligned FA data were projected onto this masked skeleton by filling the skeleton with FA values from the nearest relevant tract center. The skeletonized FA data were fed into the following voxelwise cross-subject statistics, which were based on a nonparametric permutation test (Randomize, part of FSL; http://fsl.fmrib. ox.ac.uk/fsl/fslwiki/Randomise/UserGuide).
Nonparametric 2-sample independent t tests were used to identify group differences in FA. This comparison was based on a permutation method because of the substantial non-Gaussian distribution of the FA data. 13, 20 Age, years of formal education, and histories of smoking were demeaned and served as nuisance covariates to ensure that any observed difference of FA was independent of these factors. Threshold-free cluster enhancement, 21 an alternative to conventional cluster-based thresholding, which normally compromises the arbitrary definition of the clusterforming threshold, was used to identify the significant differences between the 2 groups at P Ͻ .05. Multiple comparisons were accounted for by controlling for the family-wise error rate. Only clusters still significant after the voxel-level family-wise error (part of FSL) correction were reported. The most probable anatomic localization of each cluster was determined by the FSL Atlases tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), which incorporates several anatomic templates, including the Talairach atlas, Montreal Neurological Institute structural atlas, Julich histologic atlas, Oxford thalamic connectivity atlas, Harvard-Oxford cortical and subcortical structural atlases, and the Johns Hopkins University DTI-based WM atlases. All reported brain images were acquired by using the "tbss_fill" script from the FSL package.
Volume-of-Interest Analysis of Diffusion Indices
Volume-of-interest analysis was performed to explore the microstructural mechanisms of the observed changes in FA. Changes in the axial and radial diffusivities (axial, principal longitudinal direction, 1 , and radial, transverse diffusion component, [ Ќ ϭ (2 ϩ 3) / 2]) of clusters showing significant FA decrease were calculated. VOI masks were first extracted on the basis of clusters showing significant intergroup FA differences. These VOI masks were then back-projected to the original images of each subject.
The mean values of the diffusion indices within the VOIs were then calculated. A 1-sample Kolmogorov-Smirnov test was performed to evaluate the normality of the data. A 1-way analysis of covariance with the group as the independent variable and diffusion indices as the dependent variables was performed after controlling for age, formal years of education, and history of smoking. Statistical significance was set at P Ͻ .05. A Bonferroni correction was performed for multiple comparisons. A Pearson correlation analysis was used to assess correlations between changes in FA within the VOIs and behavioral measures and the duration of CCS use. P Ͻ .05 was considered statistically significant.
RESULTS
Demographic and Behavioral Measures
There were no significant differences in age, sex, formal years of education, or number of cigarettes smoked per day between the chronic CCS users and controls. The mean duration of CCS use was 5.05 years. The mean age of the first use of CCS was 19.93 years. The mean dose of CCS used was 487.33 mL/day in CCS users (Table 1) .
A comparison of average of BIS 11 scores from the chronic CCS users and control groups is shown in Table 1 . CCS users had significantly higher attentional impulsivity, motor impulsivity, nonplan impulsivity, and total scores than the control group (P Ͻ .05).
TBSS
A value of 0.2 was used to threshold the mean FA skeleton volume so that a total of 140,033 voxels were entered into the voxelwise TBSS analysis. The spatial distribution of the brain regions is presented in Fig 1 and Table 2 . Chronic CCS users had lower FA than controls. CCS users had a significantly lower FA (P Ͻ .05; threshold-free cluster enhancement-corrected) in the inferior fronto-occipital fasciculus (IFO) of the bilateral temporo-occipital regions and the right frontal and the right corona radiata regions than controls. There were no white matter regions in which the controls had significantly lower FA values than the CCS users group. 
VOI
Five clusters showed significant differences between the 2 groups, so the 2 left temporo-occipital IFO clusters were combined into 1 cluster. Four parts of the brain that showed significantly low FA values in CCS users were extracted for VOI-based analysis. The results are listed in Table 3 . Clusters in CSS users from the bilateral temporo-occipital regions of the IFO and the right corona radiata had lower FA values, greater radial diffusivity (P ϭ .000; P Յ .001, and P Յ .011, respectively), and a lower axial diffusivity (P Յ .027; P Յ .014, and P Յ .018, respectively) than clusters from controls. The right frontal part of the IFO had a trend-level increase in radial diffusivity (P Յ .001) and no difference in longitudinal diffusivity (P ϭ .097). The Pearson correlation analysis demonstrated significant negative correlations between FA values of the right frontal region of the IFO (r ϭ Ϫ0.479, P ϭ .007) and the right superior corona radiata WM (r ϭ Ϫ0.450, P ϭ .013) with the BIS total scores (Fig 2) of chronic CCS users. There was a significant negative correlation between FA values of the right frontal region of the IFO (r ϭ Ϫ0.479, P ϭ .007) and nonplan scores (Fig 2) of chronic CCS users. There was also a significant negative correlation between FA values of the right frontal region of the IFO (r ϭ Ϫ0.561, P ϭ .001) and the duration of CCS use (Fig 3) in chronic CCS users.
DISCUSSION
Here, DTI was used with an observerindependent whole-brain voxelwise TBSS analysis to investigate the integrity of the WM of chronic CCS users. A control group was matched for age, sex, and years of education. Chronic CCS users had significantly lower FA values in the inferior fronto-occipital fasciculus of the right frontal region and the bilateral temporal-occipital regions and the right superior corona radiata WM (Fig 1 and  Table 2 ). These results reflect the deficits in WM integrity and a disruption in the organization of WM tracts in chronic CCS users. This disruption appeared to be related to both myelin pathology and axonal injury, given the increased radial diffusivity and decreased axial diffusivity observed. Most important, the results of correlation analyses showed that FA of the right frontal region of the IFO and the right superior corona radiata WM was negatively correlated with BIS total scores; FA of the right frontal region of the IFO was negatively correlated with nonplan impulsivity and the duration of CCS use in chronic CCS users (Fig 2) . These findings suggest that chronic CCS abuse may cause progressive brain WM integrity impairment. Furthermore, these WM microstructural deficits may be linked to higher impulsivity traits in chronic CCS users.
Abnormal WM Integrity in Chronic CCS Users
A low FA value was found in the bilateral IFO, the right frontal region, and the bilateral temporo-occipital regions of chronic CSS users. The IFO is thought to be part of the dorsal visual stream, 22 originating from the dorsal parieto-occipital and medial parietal areas and projecting into the lateral prefrontal areas. 23 The IFO is thought to be involved in processing information that controls action. alcohol, 26 and heroin. 27 The observation of a lower FA value in the bilateral IFO of chronic CCS users is consistent with these previous reports and with the clinical observation that CCS abuse is associated with impaired cognitive control. [2] [3] [4] The anterior part of the IFO may be involved in response inhibition. Increased coherence of the anterior part of the IFO might give rise to an increased ability to implement inhibition to overcome the incorrect visuospatial task preparation and hence the incorrect competing response found in invalidly but not validly cued trials. 28 The negative correlation among FA values of the right frontal region of the IFO and BIS total scores and nonplan scores supports this hypothesis.
The right superior corona radiata WM also had a lower FA value in CCS users. The corona radiata comprises WM fibers linking the cerebral cortex to the internal capsule and provides important connections among the frontal, parietal, temporal, and occipital lobes. 29 Given its anatomic location, the corona radiata WM has been linked to risk-taking, including both cognitive and motor components. 29, 30 The abnormal WM integrity of the right superior corona radiata observed in this study may account for the risk-taking behavior and higher impulsivity found in chronic CCS users. Loss of WM integrity in the corona radiata has been consistently observed in cocaine, 31 methamphetamine, 32 and alcohol dependence. 33 These findings are consistent with those of previous results. The significant negative correlation between the FA value of the right superior corona radiata and the BIS total score supports the conclusions of previous functional studies linking the parietal lobe to impulse control. 34 Results also showed the FA values of the right frontal region of the IFO to be negatively correlated to the duration of CCS use. The disruption of white matter integrity in this region may be due to this use. The FA values of the 3 other parts of the brain regions that showed differences between users and controls did not demonstrate any such correlation. Several factors might explain these findings. First, the relatively small sample size could have insufficient power to detect such a difference. Although no significant correlation was found between the FA values of the other 3 parts of the brain and the duration of CCS use, negative trends were observed. Further studies with larger sample sizes are needed. Second, the lower FA values in these regions may not be the result of CCS abuse. They may represent a predisposition to substance abuse. 35 Further studies with long-term follow-up are needed to confirm this inference.
Possible Mechanisms Underlying Decreases in FA
The FA value of WM may be affected by many factors, including myelination, axon size, axon attenuation, axonal path geometry, and extracellular water space between fibers. 36 Results showed CCS-related WM microstructural damage to be associated with reduced axial diffusivity and increased radial diffusivity in bilateral temporo-occipital regions of the IFO and right superior corona radiata WM. Radial diffusivity mainly reflects the integrity and thickness of myelin sheets covering the axons. 12 Axial diffusivity may reflect the organization of the fibers and axon integrity. 12 The disruption of WM integrity seen in the brain of chronic CCS users is most likely a manifestation of the loss of myelin and axon integrity. Postmortem and DTI studies have also demonstrated myelin dissolution 28 and axon disruption 37 in opiate-dependent individuals. Büttner et al 37 found ␤-amyloid precursor protein-immunopositive accumulations to be significantly more pronounced in heroin-predominant polydrug addicts, indicating diffuse axonal damage. Similarly, Bora et al 27 demonstrated widespread deficits of white matter integrity in heroin addicts.
Relationship between FA and Behavioral Measures in Chronic CCS Users
Chronic CCS users showed significantly higher BIS total scores, attentional scores, nonplan scores, and motor scores than controls. These findings are consistent with the results of previous neuropsychological studies of heroin and cocaine addicts. 38 Results also
showed that the BIS total scores were correlated to the FA values of the right frontal region of the IFO and the right superior corona radiata in CCS users. Higher nonplan impulsivity scores were associated with more severe loss of white matter integrity in the right frontal region of the IFO. This association indicates that disruption of the WM integrity in these regions may be responsible for the higher impulsivity found in chronic CCS users. These inferences are supported by a previous study by Lane et al, 39 which showed a significant relationship between impaired decision-making (by Iowa gambling task) and DTI-measured white matter integrity in the frontal and parietal regions of cocaine-dependent subjects. In turn, the findings of significant associations among impaired white matter integrity in the right frontal region of the IFO and the right superior corona radiata WM and higher impulsivity in CCS users suggest that white matter integrity may serve as a predictor of abstinence or a potential new treatment target for CCS users.
Limitations of This Study
There were several limitations to the current study. First, the study was cross-sectional in design. The integrity of abnormal white matter was observed in CCS users, and associations with chronic CCS use were inferred. However, we cannot absolutely assert the causation of the CCS dependence and the abnormalities of the white matter integrity. It requires a long-term longitudinal follow-up with detailed experimental and clinical profiling of a cohort of subjects in a future study. The second limitation of this study concerns imaging. The assessment of small fiber tracts was difficult with TBSS because only the major white matter tracts were included in the skeleton. 13 Because of the nonlinear alignment process, the FA, Ќ , and 1 values that were attributed to a given voxel were not actually measured from that spatial location. Instead, they were derived from a neighborhood, which may disguise the results. 13 Third, the DTI sequence had only 1 acquisition at bϭ0 s/mm 2 , due to limitations of the imager. 40 Last, the lifetime quantity of alcohol use was not measured in present study; although none of the subjects included in present study met the Diagnostic and Statistical Manual of Mental Disorders-IV criteria for alcohol dependence, binge drinking has been found to be associated with reduced FA in previous studies. 41 Heavier alcohol use without dependence could be related to the present findings.
CONCLUSIONS
DTI was used with TBSS analysis to investigate the microstructure of WM in chronic CCS users. Chronic CCS users are character-ized by impairment of WM fibers in the bilateral temporo-occipital regions and the right frontal region of the IFO and the right superior corona radiata. In addition, these progressive changes in WM microstructure may be neural and cause greater impulsivity in chronic CCS users.
